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NACA RM A58A09

NATTORAT. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

LARGE~-SCALE WIND-TUNNEL TESTS OF AN ATRPLANE MODEL
WITHE A 45° SWEPTBACK WING OF ASPECT RATIO 2.8
EMPLOYING HIGH-VELOCITY BLOWING OVER THE
LEADING~ AND TRAILING-EDGE FLAPS

By David H. Hickey and Kiyoshl Acyagl
SUMMARY

An investigation was conducted to determine the longitudinal
characteristics of an airplesne model with a thin, highly swept and tepered
wing of low aspect ratio equipped with plein leading-edge flaps in con-~
juncetion with blowing-type boundary-layer control applied to the flsp
radius. In these tests blowing-type boundary-layer control was also
applied to a plain trailing-edge flap deflected 60°. Several leading-
edge configurations and boundary-layer control system variables were
investigated.

It was found that leading-edge-blowing boundary-layer control
significantly increased maximum 1ift and improved stability near maximum
1ift. Lift and stability generally were sensitive to spanwise variations
of leading-edge flap deflection and extent of blowlng boundary-layer
control.

Blowing momentum coefficient requirements for the leading-edge flaps
were independent of nozzle height and free-stream sirspeed. Increasing
angie of attack incressed critical momentum coefficient values.

Comparison of the results of this investigation wlth the results from
another model configuration with the same wing and area-suction boundary-
layer control showed blowing-type boundary-layer control produced larger
1ift increments with approximately the same boundary-layer control air
flow.

Estimations of low-speed performance indicate leading-edge boundery-

layer control reduced approach speed 20 percent and take-off ground rolil
aend distance to 50-foot altitude by about 4O percent. ( i w; o W,,9 Soweds, g ovd
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INTRODUCTION

The use of thin, low-aspect-ratio, sweptback wings on modern
aircraft seriously limits the low-speed maximim 11ft and longitudinal
stability. A number of studles have been. mgde of the effectiveness of
boundary~lsyer control on wing flaps as a,means of improving the low-
speed characteristics of such alrplanes. Some of the results obtalned
are presented in references 1 through 6. Results of tests of a 35°
swept wing with area suctlon and blowing applied to the tralling-edge
flaps are reported in references 1 and 2, respectively. References 3
and 4 report results of blowing boundary-layer control applied to
tralling-edge and leading-edge flaps on a 49° swept wing. A study has
also been made on & wing having 45° of sweep, an aspect ratio of 2.8, a
taper ratio of 0.17, and a thickness ratio of 0.05. Results of tests with
area-suction trailing-edge flaps are presented in reference 5, To control
leading~-edge alr-flow separation, area suction was effectively applied
at the radius of the leading-edge flap as reported in reference 6,

The present lnvestigation was conducted to exsmine the effectiveness
of blowing boundary-layer control gpplied to the hinge-line radlus of the
leading-edge flap on the latter wing plen form, For this investigation,
the emphaslis was placed on increasing maximum 1ift and retaining stabill-
ity to maximm 1ift, ILongitudinal characteristlics were determined for
two spanwlse extents of trailing-edge flaps, three spanwise extents of
leading-edge flap deflectlon, and various amounts of boundary-layer con-
trol., Corresponding leading-edge and trailing-edge boundary-layer control
Jjet-momentum requirements were determined. An estimation of the effect
of leading-edge flap boundary-layer control on low-speed performance 1s
included. Results from a two-dimensional investigstion conducted in a
2~ by 5-Toot wind tunnel are included to supplement the three-dlmensional
leading-edge Jjet-momentum regulrement data.

NOTATION
b wing span, £t
BLC boundary~layer control
c chord, measured parallel to the plane of symmetry, £t
c' chord, measured normal to the wing leading edge, ft

-
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o

Cp

Cr.

5 b/2
mean aerodynamic chord, Eu/‘ c2dy, £t
o

drag

S

1155
QoS

drag coefficient,

1ift coefficient,

lncrement 1n 1ift coefficlent due to leading-edge boundary-
layer control or trailing-edge flap defieciion
increment in 1ift coefficient for tip stall
plitching moment

pitching-moment coefficlent computed about 0.25¢, 53
JucSC

flow coefficient, —2_
U P

Wi/e

momentum coefficient, el
QoS

distance from the engine thrust line to the moment center, ft

drag, 1lb
WeVrp
gross thrust from engine, , 1b -
WV W_ U
net thrust from engine, e TP e w, 1b
g g

acceleration of gravity, 32.2 f£t/sec2

nozzle height, inches, or altitude of the airplane, £t

lift, 1b

leading edge

distance parsllel to the plane of symmetry between the moment
center and the effective turning point of the engine air at
the inlet, £t :

distance from the gquarter-chord point of the wing mean sero=~

dynamic chord to the guarter chord of the horizontal-tail
mean aerodynamic chord, ft
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static pressure, 1b/sq ft
total pressure, 1b/sq ft
free-stream dynamic pressure, Ib/sq ft

volume flow of boundary-layer-control elr under standard condi-
tions, cu ft/sec

Reynolds number, E%E, or gas constant for air, 53.3 ft-lb/lb-oR

wing area without chord extension added, sq ft, or total take-
off distance, ft

take-off ground rcll, ft

air distance over a 50-foot obstacle, ft
time, sec

total temperature, °R

trailing edge

free-stream velocity, ft/sec

veloclty, knots

Jet velocity assumlng lsentropic expansion,

7-
2y Peo
LA an 1 - (—=—1\7 £t
-1 88Ttg (?td> » ft/sec

veloclty at exit of engine tail pipe, ft/sec

gross weight, 1b, or welght rate of flow, 1b/éec

streamwise distance along airfoil chord, ft

spanwise distance perpendicular to the plane of symmetry{fft
perpendicular distance above the extended wing chord plaﬁe, ft
sngle of attack of fuselage reference line, deg

dihedral, deg

el
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flap deflection measured normal to the flap hinge line, deg
kinematic viscosity of air, ft2/sec
pump efficlency, or wing semispan station, %?

ratio of specific heats, 1.4 for sir, and flight path angle,
radians

angular distance between flap nozzle and the perpendicular from
the flap hinge line to the alrfoll chord line (fig. 6), deg

rollling frictlon coefficlent
Subscripts

engine bleed port
critical

flap duct

engine

on the ground
flap jet

leading edge
maximum

stall with power on, or point of initial separsetion
tail

trailing edge
take-off
uncorrected
engine tail pipe

free stream
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MODEL AND APPARATUS

Figure 1 is a photograph of the model mounted in the Ames 40- by
80-foot wind tunnel. A drawing of the model is shown in figure 2, and
additional geometrlc data are given in taeble I.

Wing

Plan form and alrfoll section.- The baslec wing had a quarter-chord
sweep of 459, aspect ratio of 2.8, and a taper ratio of 0.17. In sddil-
tion, the basic wing haed a l10-percent chord extension, meassured parallel
to the plane of symmetry, from 1 = 0.7 to 1.0. This configuration was
used for the entire test program and 1s called the basic configuration.
Airfoil sections parallel to the model plane of symmetry were modified
NACA 0005-63 sections, coordinates of which are listed in table IT.

Leading-edge flap.- The leading-edge flap was divided into three
sections with flap breaks parallel to the plane of symmetry. The flap
sections extended from 1 = 0.15 to 0.4, 0.4 to 0.7, and 0.7 to 1.0
and will be referred to hereinafter as root, intermediate, and tip
leading-edge flap sections, respectively. Listing of the leading-edge
flsp deflections will follow the same order. For a typical case,
81e = 30,60,60 indicates the root flap section was deflected 30° and
the intermediate and tip sections were deflected 60°.

Trailing-edge flap.- Small- and large-spen trailing-edge flaps were
used durlng the tests. The small-span flap extended from 1 = 0.21 to
0.46 and had a constant 25-percent wing chord, measured parallel to the
plane of symmetry. The large-spaen flap was formed by combining the small-
span flap with one #Which extended from n = 0.46 to 0.66 and also had a
conatant 25-percent chord. Both flaps rotated about & hinge near the
wing lower surface.

Blowing nozzles.- A typlcal cross section of the leading-edge flap
nozzle is shown in figure 3(a). The nozzle was a slit located on the
hinge-line redius of the flap and extended from 1 = 0.15 to 1.0. The
chordwise nozzle position.of.35.5° as shown 1n figure 3 was maintained
throughout the three-dimenslonal tests. Durling the investigation, two
nozzle heilghts on the tilp leading-edge flap were used. A nozzle height
of 0.010 inch on both the intermediate and tip flap sectlions will be
referred to herelnafter as leading-edge flap nozzle A, and a nozzle helght
of 0.050 inch on the tip section with 0.010 inch on the intermediate
section will be referred toc as nozzle B.

«iE
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A trailing-edge flap nozzle cross- section 1s shown in figure 3(b).
The nozzle extended from 7 = 0.21 to 0.66. A chordwilse nozzle position
of 22.5° with a nozzle height of 0.020 -inch was maintained throughout
the investigation.

Leading-edge modifications.- Changes in leading-edge contour as
shown in figure 4 were made by increasing the leading-edge radius to
approximately 0.9-percent c¢' and adding & small amount of leadling-
edge camber. The coordinates for the L.E. modifications are listed in
table ITI. Two spanwise extents of modified leading edge extending from
n = 0.4 to 1.0 and 0.7 to 1.0 were tested.

Tall )

A swept horizontal tail (fig. 2) was used and was Installed with 1ts
root at approximately 0.31 of the wing semispan above the extended wing
chord plane. The tail was drooped at 20° gsbout a line parallel to the
plane of symmetry and the extended wing chord plane. Except where spec-
ified, both horizontal and vertical tails were on the model throughout
the tests

Fuselage and Engines

The wing was located approximately 0.13 of the wing semlspan below
the fuselage center line. The fuselage coordinates are listed in table IV.
Compressor bleed from two J-3h turbojet engines, installed side by side
inside the fuselage, supplied the blowing boundary-layer control air. The
left engine supplied air to the leading-edge flaps; the right engine sup-
plied the trailing-edge flaps. Engine bleed ports were enlarged to allow
larger quantities of air to be bled from the compressor.

Boundary-~Layer-Control Air Ducting

Ducting to the leading- and trailing-edge flaps 1s shown in figure 5.
The amount of bleed air delivered to the root, intermediate, and tip
leading-edge flap sections, sgnd the inbcocard and outboard portion of the
tralling-edge flaps was controlled by butterfly valves in each duct.
Total- and static-pressures and temperature measurements to obtain total
weight rate of flow to the leading-edge flaps were taken at station 1
in figure 5. TFor the inboard and outboard portions of the tralling-edge
flaps, measurements to obtain welght rate of flow were taken at stations 2
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and 3, respectively. Total-pressure and temperature measurements used
for celculating jet-momentum flow were taken at each of the entrances 1o
the flap ducts (statlions 4 through 13 in fig. 5).

Two-Dimensional Airfoil

The alrfoil, tested in & 2- by 5-foot wind tunnel, had a 2-foot
chord section snd a leading-edge flap hinged at 13.55-percent chord as
shown in figure 6. Coordinates of the alrfoil are also glven in fig-
ure 6. The flap had a blowlng nozzle which could be rotated around the
hinge-line radius of the flap. The airfoll extended across the 2-foot
width of the wind tunnel with pressure oriflices located on the upper and
lower surfaces of the alrfoil center line.

TESTING AND PROCEDURE

Three~-Dimensional Tests

Force and moment data were cbtained for the three-dimensicnal model
through an angle-of-attack range of 0° to 33°. Model configurstions for
which force data were obtained are listed in table V which may alsoc be
used as an index to the baslc data. All tests, except for the brief
tests at a higher free-stream velocity (U, = 159 ft/sec, R = 11.1x108)
with variable C, and the two-dimensicnal tests, were made at
Up = 112 ft/sec correspcnding to a Reynolds nunmber of 8.3x10%. This
Reynolds number correspcunded to a free-stream dynamlic pressure of
15 pcunds ver square foot. ' oL ' '

Tests at variable angle of attack and comstant Cpu.- A major part
of the data was cobitained with the plain ledding-edge flap with and with-
out blowing and with the trailing-edge flap deflected 60° with and with-
out blewing. Various ccubinations of leading-edge flap deflections, as
shown in table V, were tested. The modified leadling edge was tested with
the leading-edge flap deflected with blcwlng and wlth the small-span
trailing-edge flap with blowing. Since this report is concerned prima-
rily with the study of the wing leading edge, a constant Cpge well
above that required for flow attachment on the trailing-edge flap was
meintained when blowing was utilized on the flap.

Tests with variable C, at constant angle of attack.- Momentum
coefficient was varied on the intermediaste and tip leadling-edge Tlap sec-
tions elther together or independently to determine its effect on the
longitudinel characteristics of the model with the followlng variables:
(1) free-stream velocity, and (2) nozzle helghts of 0.010 and 0.050 inch

oot
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on the tip flap section. For the small- and large-span trailing-edge
flaps, Cute Wwas varied at several angles of attack wilth the flap deflected
60°.

Two-Dlmensional Tests

Two-dimensional tests in the 2- by 5-foot wind tunnel were used to
investigate the effect of the chordwise location of an . h/c = 0.00033
leading-edge nozzle on flow requirements. The nozzle location was varied
from 6° to 66° with respect to the reference line (fig. 6) and with the
flap deflected 60°. Tests were conducted st o = 36° with a free-stream
dynamic pressure of 20 pounds per square foot, corresponding to a Reynolds
number of 1.6x10° based on a 2-foot chord.

Measurement of Engine Thrust

The gross thrust of the engine (for a glven configuration a function
of PtTP/Pm) used for thrust corrections to the force data was cobtalned
by calibration of the tall-plpe total-pressure measurement instrumenta-
tion with the wind-tunnel balance system. Engline weight rate of flow was
obtained from the total-pressure anfl temperature measurements of the
tall-pipe nozzles by means of the following equation:

F

CORRECTIONS TO DATA

Effects of Wind-Tunnel Walls

The following corrections for the effects of wind-tunnel-wall
interference were made:

a=ay + 0.75 Cr,
Cp = Cp, + 0.013 Cr2

Cm = Cm, + 0.005 CL,
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Effects of Englne COperafion

Force data from the wind-tunnel balance system were corrected for
the effects of engine thrust as follows: - -

total ligt _Fgsin a

CT. =
L QoS QoS
c total drag Fa Wels
D= +
QoS QooS 8doS
total moment Fb 4 P U
Cp = 5% [éﬁs 5 - gqu_ (1 sin @ + 4 cos a)

These correctlons 1lnclude the force due to turning the engine zir at the
inlets when the airplane model is at an angle of attack.

RESULTS

Configurations for which the fortée data are presented herein are
listed in table V. Three-component force. date showing the longitudinal
characteristics of the model with the small-span flap are presented in
figures 7 through 10. Figure 7 presents a summary of the effect of
leading-edge flep deflection and BLC on the longitudinal characteristics
of the model. More detalled dats are presented in figure 8. Figure 9
presents results showing the effects of spanwise extent of blowing
boundary-layer contreol, and figure 10, the effects of the modified lead-
ing edge. Results for two spanwise extents of trailing edge flep are
shown 1n figure 11. o

Data showing the Influence of jet momentum on 1ift are presented in
figures 12 through 17. Resulis included are the effects on leading-edge
BLC requirements of nczzle height, free-stream veloclty, angle of attack,
and blowing nozzle position on the leading-edge flap radius. Tralling-
edge flap Cp requirements are also shown.

Figures 18 and 19 compare results of this investigation (blowing
BIC) and of reference 6 (area-suction BIC) to facilitate comparison of
the two types of BLC with respect to longitudinal characteristics and
ACLS, the delay in tip stall, due to leading-edge flap deflections.

Results of calculations to show the effect of leading-edge blowlng
BIC on landing approach speed are shown in figure 20. TFigures 21, 22,

S
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and 23 present the calculations that show the effect of leading-edge BLC
on take-off ground roll distance, alr distance to 50-foot altitude, and
total distance to 50-foot altitude.

Results of design calculations to determine the leading-edge BLC
system characteristics used in the performance anslysis are presented in
figures 24 through 26.

DISCUSSION

This investigation was directed at increasing maximum 1ift while
retaining longitudinal stability. The data in figure 7 show that, for
the wing plan form conslidered here, tralling-edge flaps with BLC reduced
the angle of attack for a given 1ift coefficient below maximum 1lift, but
did not significantly increase maximum 1ift. In view of this, the major
portion of the discussion will conslder the effects on maximm 1ift and
longitudinal stablility of & plain leading-edge flap with blowing BLC
applied on the flap radius.

The term "usable 1ift coefficlent,"” as employed in the following
discussion, is defined as the 1ift cocefficient at which neutral longitu-
dinal stability occurs; Increasing 1ift above this value causes longitu-
dinal instability.

Summary of the Effect of the Leading-Edge Flap and
Leading-Fdge BLC on Longlitudinal Characteristiecs

Data presented in figure 7 show the maximum gains realized in the
tests. Deflection of only the trailing-edge flaps with BLC gave little
incregse in maximum 1ift coefficient or usable C1,. The deflection
of the leading-edge flaps without leading-edge BLC increased Clypgx from
0.99 to 1.25, but usable Cr, was Ilncreased only from 0.83 to 1.0. Appli-
cation of leading-edge BLC with larger leading-edge flap deflections
increased Cip,, to 1.6) and ussble Cr, to 1.59. The combination of
leading-edge flap deflection and blowing leading-edge BLC increased usable
Cr, 91 percent. A large portion of this gain was the result of leading-
edge BILC extending the range of longltudinal stgbllity so that usable Ci,
was near Clggy-
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Effect of Leading-Edge Confiliguratlon Varlables
on Longitudinal Characteristics

For this wing plan form, air-flow separation occurred first at the
wing leading edge at the outboard wing sections and then progressed
inboard with increased angle of attack. This stall progression resulted
in longitudinal instebility. In order to increase maximum 1lift and also
retain longltudinal stability with BLC, it was necessary to have larger
leading-edge flap deflectlons outboard than inboard and also to control
the spanwise amount of BLC.

Effect of leadling-edge flap deflectlon.- Data showing the effect of
several combinations of leading-edge flap deflection on 1lift and stabil- |,
ity are presented in figure 8. These data include results without ;
leading-edge BLC, and with leading-edge BIC for the two leading-edge ’
nozzles tested. The 1lift results are summarized as follows:

S1e Leading- e C C AC Usable | Usable
deg A Mie | “Tmax | “lmax | ““ap ACT.
0,0,0 - - 0 0.99 (a) 0.83 -_—-
0,40,50 - - 0 1.25| 0.26 1.00 0.17
0,50,60 - - o} “1.22 .23 1.00 17
0,60,60 - - 0 1.20 .21 1.00 17
30,60, 60 - - 0 1.06 .07 .98 .15
0,40,50 A .027| 1.32] b.oT 1.26 .26
0,50,60 A 0271 1.40 .15 1.28 .28
0,60,60 A L0271 1.h4k4 .19 1.40 ko
©30,60,60 B .030| 1.51 .26 1.50 .52
0,40,50 B 076 | 1.4%0} Db.15 1.32 .32
0,50,60 B 076 1.45 .20 1.4k i
0,60,60 B 076 | 1.48 .23 1.48 .18
30,60,60 B 076 1.61 .36 1.59 .59

8Increments from &ie = 0,0,0 values
PIncrements from 8;e = 0,40,50 values with Cpy;e = O
CFrom figure .9(c)

The optimum leading-edge flap deflectlon without BLC (87e = 0,40,50)
increased Clggx Dby 26 percent and usable C1, by 20 percent. With
Cu = 0.027 and the leading-edge flsp deflection increased to 60° at
the intermedlate and outboard sections, CLmax was lncreased by 45 per-
cent and usable C1, by 69 percent. With a larger UCu;e (0.076), these
values were 49 and 78 percent, respectively. Strong nose-down moments

S
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beyond Clpgx and the relatively small incresse in Clmex when Cuje
was increased indicated that the maximum 11ft of this configuration was
limited by air-flow separation over the root section.

Prctection against the root stall was provided by 30° of leading-edge
flap deflection without BLC. This amount of root protection in conjunc-
tion with the intermediate and tip sections deflected 60° with BLC
(Cule = 0,030) increased CIpysx by 53 percent and usable CI, by 81 per-
cent. Corresponding increases with Cpj, = 0.076 were 63 and 91 percent,
respectively. Increasing root protectlon by increasing the root flsp
deflection to 50° and applying BIC increased Crp,y ©only an additional
3 percent (see fig. 8(d)). This small gain indicates that if a further
gain in Crpgx 18 to be realized, more effective flow control is required
at the intermediate and tip sections. Increasing leading-edge flap
deflection or Cﬁle can provide the additional control.

Effect of spanwise distribution of blowlng BIC.- Limitations on the
gquantity of available bleed air or duct slze may require some varisastions
in the spanwlse extent and quantity of blowing BLC. Figure 9 presents
data showing the effects of such variations on the longitudinal charac-
teristiecs of the model. The effect of blowing over the tip section slone
compared with blcwlng over the tip and intermediate sections is shown in
figure 9(a) and the pertinent data are tabulated below for 8¢ = 0,50,60.

Cp
c Usable
n = 0.4 n = 0.7 Lmex CL
to 0.7 to 1.0
0 0 1.22 1.00
0 .011 1.24 1.12
.013 .01k 1.40 1.30
0 057 1.30 1.22
Nesh .060 1.5 1.h5

The lmportance of blowing on the intermediate section in conjunction
with blowing on the tip is apparent since increments of usable Cj of
0.18 and 0.23 were gained. .

The effect of blowing increased smounts of BLC air over the tip
section with a constant amount of blowlng over the intermediate section
is shown in figure 9(b). No appreciable gain in usable (], was obtalned.
However, it is belleved that with a 30° root-flap deflection rather than™
the 0° flap tested, an appreciable gain in C1 would have been realii!i.
This assertion is partially substentiated by data presented later
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(fig. 14(b)) showing the variation of (r, with Cuze 8t o= 25. 2° and
87e = 30,60,60. The ssme increase in tip section blowing as that for
the dats in figure 9(b) with B¢ = 30,60,60 increased Cr by 0.12.

The effect on .Cryaxy &and usable Cp, of varying Cuyj;e from 0.030
to 0.078 (see fig. 9( ?% was small (ACTmeyx = 0.1) when compared with the
galn obteined by increasing Cpje from O (fig. 8(a)) to 0.030. These
date had a tip to intermedfate section bdlowing ratio of between 5 and T
to 1 end the root flap deflected 30°. Data 1n a later section of this
report show that the lowest Cy;, tested from 7 = 0.% to 1.0 (0.030)
wes adequate to provide BIL over the leading-edge flap radius as long as
unseparated alr flow existed in front of the leading-edge nozzle. Fur-
ther reduction of Cuze (keeping the same spanwise flow distribution)
would have allowed flaw separation on the flap radius at the intermedil-
ate section and, perhaps, a resultant deterioration of longitudinal
characteristics.

Effect of Increased leading-edge radius and camber.- Resesrch on
increasing CIpmgx by enlarging the leading-edge radius and cambering
the forward portion of the airfoil is reported in reference 7. Refer-
ence 5 presents results of tests on this modification in conjunction
with & plain leading-edge flap, and reference 6 extends these data to
the case with area suction applied to the radius of the flap. All three
of these references report that the leading edge modification improved
longitudinal characteristics. ’

Details of this modificatlion as applied in the present test are
shown in figure 4. The effect on the longitudinal characteristics of
applying this modification on two spanwise extents of the leading edge
is shown in figure 10. No appreciable gain in Clpggx ©Or usable Cf,
resulted from the spplication of the modification tq the tip section.
With the modification on both the intermediate and tip flap sections,
CImax &nd usable Ci; were increased 0.Q5, and the angle of attack for
Clysx Wwas ilncreased 1© This gain is smaller than would be anticipated
from the data in references 5, 6, and T.

Trailing-Edge Flaps

The datse in figure T show that without leading-edge BLC, the
small-span trailing-edge flap with area-suction BLC had little effect on
CLmax ©Or usable Cr, but served mainly as a device to reduce the angle
of attack for & glven Cr, below Clmex -

Longitudinal characteristics.- Although trailing-edge flap blowing
BLC did incresse Clpex and usable (Cj, when accompanied by leading-
edge BIC (fig. 11), the magnitude of the gains was small relative to
the increases provided by leading-edge flap BLC. With BLC applied to

g
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the small-span trailing-edge flaps, usable Cr, and Cip.y Were incressed
by values of 0.09 and 0.07, respectively, whereas both increments of gain
were 0.16 with BLC applied to the large-span flaps.

A reflex in the 1lift curve occurred when leading-edge BLC was applied
without BI.C on the trailing-edge flap. Static-pressure orifices near the
trailing-edge flap radius showed that the minimum pressure on the flap
approached the values obtained w1th trailing-edge BIC applied as the angle
of attack was incressed to sbout 8°. An gpperent increase in lift-curve
slope resulted which reduced the angle-of-attack changes due to trailing-
edge BLC for a given Cr,. In the o range consistent with the landing
approach condition (a = 12° to 16°), trailing-edge BLC reduced the angle
of attack for a given Cj, by about 1-1/2° for the small-span flap and
4-1/20 for the large-span flap.

Comparison with theory.- The theoretical 1ift increment obtainsble
from the deflected trailing-edge flaps used in this investigation was
calculated by the method of reference 8. These increments for &g = 60°
are shown below. -

Flap span, 1 Expe?imental ACL | Theoretical ACT,

tail on)
0.21. - 0.46 0.143 0.53
.21 - .66 7 .86

The experimental results listed sbove were obtained by extrepolation to

= 0° of the data in figure 11. The decrement of ACy, due to the tail
is estimated to be 0.05 for the smell-span trailing-edge flsp and 0.08
for the large-span tralling-edge flap.

Boundary-Layer-Control Flow Requirements

It was found in reference 2 that the C(Cj, required for a given
trailing-edge configuration was dependent on flep deflection and nozzle
location, and was independent of nozzle height, free-stream alrspeed,
and angle of attack. In the case of the leading-edge flap, the minimnm
pressure and pressure gradient on the leading-edge flap redius is depend-
ent to some degree on angle of attack, so that leading-edge BIC flow
requirements should also be dependent on angle of attack.

Figure 12 contalns data showing the variation of C1, with Cuz
for two blowing nozzle heights, two free-gtream alrspeeds, and two angles

ol
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of attack. These data indlicate that, within the limits tested, 1lift
obtained from Cp;, 18 independent of nozzle height and free-stream
airspeed, and is dependent upon angle of attack.

Variation of leading-edge BLC flow requirements with angle of
attack.- Figures 13 and 1L present data showing the variation of Cj,
with G Cuye for several engles of attack. Flgure 15 presents a cross
plot of the data in figures 13 and 14, showing the variation of critical

with Cr. Critical Cpje for the data in figure 15 was arbitrarily

%ined &s the point where the slope of Cp, versus Cy curve equels 8,
and approximately corresponds to the point where BLC a% the flap radius
1s realized without air-flow separation in front of the blowing nozzle.

These data show a rapid increase in total Cye with 1lift coefficlent

(or «). In general, the tip wing section had a larger value of Cpe

than the intermediate section. This was due to the high section 1lift
coefficients (when compared to the intermediate section) on the tip sec-
tion of a wing with this plan form. Further, pressure distributions
indicated that at a = 25.2°, some flow separation existed in front of

the BLC nozzle. The blowing BLC caused the flow to reattach, but at
relatively high Cu;, values. This could explain the rapid increase in
Cue &bove Cp = 1.35 for intermediate and tip blowing shown in figure 15.

Delaying the stall to a larger angle of attack would require
prevention of the air-flow separation in front of the leading-edge blow-
ing nozzle by larger flap deflections or BLC on the flap leading edge.
The other alternative is provision for extremely large Cuje values on
the flap radius to induce flow reattachment.

Effect of leading-edge~blowing nozzle position.- Reference 2 reported
that Cp réquirements were independent of nozzle position on the
trailing-edge flap radius as long as the nozzle was upstream from the
minimum pressure point. A downstream position of the nozzle was found
to increase the flow requirements.

The leading-edge nozzle was placed at 6 = 35.5° during the three-
dimensional model investigation. The angle 6 is shown in figure 6.
This location was selected on the basis of results from an exploratory
two-dimensional investigation. These data are presented in figure 16.
The trend exhibited by the two-dimensionsl results 1s similar to those
observed in reference 2. Placement of the nozzle downstream of the min-
inmum pressure (8 = 36°) greatly increassed the BIC flow requirements;
however, placement upstream caused no noticeable change. For all flap
deflections tested during the three-dimensilornal model investigation,
the leading-edge BLC nozzle was at or upstream from the point of minimum
pressure on the flap radius.

) .
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Trailing-edge flap flow requlrements.- Figure 17 presents date
showing the variation of Cr, with cute' The data for the two trailing-
edge flaps were obteined with different leading-edge flasp configurstions.
The deta indicate that Cy, = 0.0015 and 0.006 with B&te = 60° for the
small-span and large-span flsps, respectively. It is believed that at
a = 0° these values were unaffected by the different leading-edge
configurations.

Reference 2 gives a relationship for determining the equivalent
two-dimensional Cy from three-dimensional date. The data from the
present investigation were used to obtain equivalent two~-dimensional
values of 0.0075 and 0.019 for the small- and large-span flaps, respec-
tively. These are only 22 percent and 56 percent of the value (0.034)
quoted in reference 2 for &te = 60°.

Comparison of Blowlng and Ares-Suction Boundary-
Layer Control

Since both area-suction (ref. 6) and blowing boundary-layer control
investigations have been conducted on the same wing, some comperison of
the effectiveness of the two types of BLC should be made. Although the
wing and horizontal tail of the two models were actually the same for
both investigations, the fuselages, wing height, and tail height were
somewhat different. The over-all effect of these differences on the
basic model without boundery-lasyer control was that the maximum 1ift
coefficient and the lift-curve slope were less for the low-wing model
than for the mid-wing model, as shown in figure 18. Also shown in the
figure is the comparison with blowing and suction, indicating that blow-
ing was more effective thaen suction in increasing meximum 1ift as well
as retaining linear 1ift and pitching-moment characteristics to higher
values of 1ift coefficient. In support of the foregoilng, figure 19 has
been prepsred to show the relative effectiveness of the two types of BLC
in preventing outbosrd stall as indicated by chaenges in drsg and pitch-
ing moment end limited observations of pressure distributions. Identical
spanwise confligurations of leading-edge flap deflections were not tested;
however, the results shown for the cutboard flap should indicate the
effectiveness of each system in preventing outboard stall. The value of
ACrg shown in the figure corresponds to the increment of 1ift by which
air-flow separation on the outboard sections is delayed from the value of
1ift coefficient at which separation occcurred with no leading-edge flap
deflections. Blowing provides significently greater values of A
than area suction through the range of outboard flap deflections tested.

To illustrate the relative engine bleed-alr requirements of the
two boundary-layer-control systems a comparison has been made for condi- ..
tions where each system achieved about the same 1ift coefficilent ;
(C, of about 1.4k) at an angle of attack of 21° or 22°. For this
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comparison suction BLC was given the added advantage of a modified
leading edge. W1ith area suctlion, reference 6 shows that a flow coeffi-
clent of about 0.001 is required, whereas for blowing the present inves-
tigation shows a momentum coefficient, C,, of about 0.020 is required.
The engine bleed-alr requirements for each system were calculated by the
method dlscussed 1n reference 2, assuming a flight speed of 130 knots
and bleed air avallable from the engine at a pressure ratio of 5.0 and
at a temperature of 900° R. The engine bleed air was used directly for
blowing BLC, whereas 1t was used to drive a pump for area-suction BIC.
With a pump of 80-Percent &fficiency the area-suction system would
require about 30 percent of the bleed alr required for blowlng; with a
pump of 15-percent efficilency (an ejector pump), the area-suction system
would require sbout 140 percent of that for blowing.

It can be concluded as was the case for trailing-edge flaps (ref. 2)
that blowing systems will require the same order of bleed air from the
engine as area suctlion unless the latter use reasonably efficient pumping
systems. :

Bvaluation of Blowing Bourdary-leyer Control

Pertinent low-speed performance with and without blowing boundary-
Jayer control is considered here. Results of computations of approach
speed and take-off distance are presented. Details of the blowing noz-
zle gize selection and performance calculations are contained in
Appendixes A and B.

Approach speed.- Reference G shows 1.15 Vg to be one criterion for
landing-approach speed. This value will be used here. Figure 20(a)
shows approach speed for the best configuration with leading-edge boundary-
layer control (8;e = 30,60,60) and without leading-edge boundary-layer
control (8;e = 0,%0,50) w1th the small-span trailing-edge flap. The
increase in usable .C1, obtalned with leading-edge boundary-leyer control
reduced approach speed'at W/S = 55 pounds per square foot by 31 knots
or about 21 percent. The effect of trailing-edge boundery-layer control
with 83e¢ = 30,60,60 and leading-edge BIC (fig. 20(b)) was a h-knot reduc-
tion of approach speed with the small-spen flap. Approach speed was
reduced an additional 5 knots with the large-span flap and BIC. Attitude
of the alrcraft during the landing approach was 15° for the small-spen
trailing-edge flap with and without BLC, and 12° for the large-span flap
with BIC.

Take-off distance.- The method used and the assumption made in
calculating take-off distance over a 50-foot cbstacle are discussed in
Appendix B. Two cases have been snalyzed: (1)} a minimum lift-off
velocity of 1.05 Vg (angle of attack about 20°), and (2) the velocity
corresponding to lift-off at an angle of attack of 15°.

g S
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The reduction in ground-roll distance for take-off with the
gpplication of leading-edge flsp boundary-layer control is shown in fig-
ure 21. For the case of 1.05 Vg, the reduction in ground-roll distance
is 37 percent over the entire wing loading range and for the case of a
limiting angle of attack of 15° the reduction varies from about 18 per-
cent at & W/S of 70 1b/sq £t to about 22 percent at a W/s of
100 1b/sq ft. For both cases, meximum thrust loss from full engine air
bleed with the leading-edge nozzle designed for C near a = 25°
was used in the caleulations. Control of the engine gir for the leading-
edge BIC system during the take-off {discussed in Appendix A), and the
resultent minimization of thrust loss due to BIC caused a further reduec-
tion of 150 to 300 feet in ground—roll distance throughout the wing
loading range studied.

The reductions in air dlstance 10 obtain an altitude of 50 feet with
the application of leading-edge BIC are shown in figure 22. Reductions
of comparable percentages as in the ground roll are indiceted for the
low wing loading range of the airplane. However, at wing loadings greater
than 80 1b/sq ft, the Fn/W ratio of the alrplane without BIC is suffi-
ciently low to leave little or no excess thrust for acceleration; under
these conditions, larger reductions in transition distance resulted from
the use of BLC, primerily as a consequence of the large reductions in
drag. The control of bleed air also shows a more significant reduction
in air distance to 50 feet at wing loadings greater than 80 lb/sq ft.

The same trends in reduction in take-off distance with boundary-
layer control are shown in figure 23 as the totsl distance to 50 feet of
altitude. To summarize, it appears that the total take-off distance can
be reduced by about 38 percent between W/S of 65 to 85 1b/sq £t with
reductions greater then 50 percent at W/S gbout 90 Ib/sq ft for take-
off based on 1.05 Vg. With the take-off speed limited to en angle of
attack of 15°, the reduction in take-off distance varies from a value of
about 20 percent at a W/S of 65 to a value of about 30 percent at a W/S
of 85 lb/sq ft to greater than h0 percent at higher wing loadings. The use
of controlled bleed indicates the largest improvements are to be made at
the higher wing loadings corresponding to the lower thrust-to-weight
ratios and can result in additional improvements of 1000 to 3000 feet.

The thrust-to-weight ratio of the hypothetical airplane was 0.3 at a W/S
of 103 lb/sq ft. It therefore sppears that controlled bleed durlng the
take-off may provide significant improvement in take-off performance,
particularly for airplanes hav1ng thrust-to-weight ratios of less than
sbout 0.3
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CONCLUSTONS

The following conclusions have been made fram analysis of the tesﬁ
results:

1. Ieading-edge-blowing boundary-layer control (BLC) significantly
increased maximum 1ift and stability near maximum 1ift. Lift and stabil-
ity were generally sensitlive to spanwise variations in flep deflection
and extent of blowing

2. Variation of lift with momentum coefflclent was independent of
blowing nozzle helght and free-stream airspeed. Increasing angle of
attack increased critical leeding-edge momentum coefflecient values.

3. The trailing-edge flaps caused a relatively small gein in maximum
and usable 1lift when compared to the leading-edge flaps.

4., Comparison of the results of this investigation with the results
of NACA RM A57TH21l (area-suction BLC) showed that the increments of maxi-
mum and usable 1ift dve to leading-edge BIC were higher with the blowing
BIC model. ILeading-edge BLC air-flow requirements were of the same order
of magnitude for the two types of BIC. Engine bleed-air requirements
for the two types of BLC are, however, a function of the partlcular
installation.

5. A limited two-dimensional investigation indicated that locatlion
of the blowlng nozzle downstream from the point of minimum pressure on
the leading-edge 'flap radius lncreased the eritical mamentum coefficient.

6. Estimation of the low-speed performance improvement obtainable
with leading-edge BIC and small-span flap with BIC indicated a reduction
in approach speed of 20 percent (based on 1.15 of the stalling speed)
and a reduction of take-off distance over a 50-foot obstacle of as much
as 40 percent at the higher wing loadings.

Ames Aeronsuticel Laborsatory
Natlonal Advisory Committee for Aeronautlcs
Moffett Field, Calif., Jan. 9, 1958
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APPENDIX A

DETERMINATION OF THE BOUNDARY-LAYER-CONTROL

SYSTEM CHARACTERTSTICS

In evaluating the low-speed performance of an airplane with BIC
the following elements in the design of the blowing BILC system were
considered from the standpoint of their effects on performance.

Aircraft Size and Power

The wing plan form considered was intended to represent one approach
to the wing design of a high-performance fighter alrcraft. Data for
present-day elrcraft indicate that a minimum Fn/W ratio of 0.4k and oper-
ation at wing loadings from 50 to 100 Ib/sq £t are representative.’ In
accordance with these values, the linear model dimensions were increased
25 percent and two J-5T7 englnes were assumed to be the power plants.

Blowing Nozzle Helght Selection

Reference 2 presents a method of matching the requirement of a
tralling-edge flap blowlng BLC system with the bleed capsbilities of a
turbojet engine. This method was used for the leading-edge BIC system.
The value of cuze = 0.032 was selected on the basis of the discussion
in the present report regarding critical Cu-

The variation of Wpp with duct pressure ratio for constant free-
streem velocities was calculated for this Cp and is shown in figure 24.
For the calculations, duct alr pressure and temperature were assumed to
be the same as at the engine bleed port. Air characteristics at the
engine bleed port were obtained from reference 10. Flow conditions
through the BILC nozzle were assumed to be isentropic. The variatlion of
Wpp Wwith duct pressure ratio for several values of nozzle height were
plotted as shown in figure 2h.

Based on a design trim Crpg, of 1.47, wing loasdings were assigned
to the constant velocity curves. The working area of the chart (fig. 24)
is defined by the wing-loading range and pressure ratio svaeilsble during
teke-of f and landing approach. The large difference in duect pressure
ratio availsble et take-off (10.5) end landing approach (6.2 for 10 ft/sec
sinking speed) indicates that the selection of nozzle height is s compro-
mise. The 0.010-inch nozzle height would limit landing spproach speed.
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The 0.015-1inch nozzle used in the calculations is the smallest size that

would supply the stipulated C, during lending approach; however, this -
nozzle would pass greater values of bleed alr than necessary during take-

off if no bleed control is conslidered. The thrust loss due to air bleed

will be dlscussed in the next section.

The tralling-edge flap nozzle heighta selected by the seme procedure
were very small From & practical construction standpoint, nozzle heights
of 0.010 and 0.015 inch were selected for the small- and large-span flap,
respectively.

Reduction of Thrust Losses Due to Boundery-Ilayer-
Control Air Bleed

Figure 25(a) shows the variation of Cuc1 with angle of attack
obtained from figure 15(b). As shown by the figure, Cucl increases

repidly with increasing angle of attack. If the nozzle helght selection
is based on C“CZ at a high angle of attack, which was the case for

the performance estimation here, the engine bleed alr for leading-edge

BLC would be greatly in excess of that required through most of the -
take-off and landing-approach maneuver. Exsmination of the nozzle x
height chart .(fig. 24) shows that at the take-off wing loadings of 90

to 100 lb/sq ft, the hypothetical airplane would have a stalling speed

of approximately 1%0 knots. Figure 25(b) shows the calculated BLC bleed «
air required at 140 knots with the 0.015-inch leading-edge nozzle as a

function of angle of attack. The bleed alr supplied by the unrestricted

ducting is-also shown in the figure. Filgure 25(c) shows that, during

the teke-off ground run; as much as 11.5 -percent of the thrust at take-

off can be lost due ta unrestrigted leading~edge BLC bleed air. . Restrict-

ing the leading-edge BLC engine bleed air during the take-off to required

values throughout the range of angles of attack resulted in no thrust

Joss during ground run to small values during trensition. A throttle

valve placed in the leading-edge ducting can be used to restrict the BLC

engine bleed air flow. This valve could be controlled by a device which

senses changes in angle of attack, dynamlc pressure, etc.

th

It is also necessary to check the effect of the bleed air control
during the landing approach. Figure 26 presents the variation of Cu
required and availlable with velocity for 10 ft/sec sinking speed. The
thrust camponent of the 1lift was ignored for these calculatlons. For
this hypothetical airplane, the bleed ailr control, designed for the take-~
off conditions of figure 25, would not supply the Cuze Tequired during
the landing epproach. To do this the throttling of the valve must be N
reduced slightly.

e
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APPENDIX B
PERFORMANCE COMPUTATTIONS

The test results used for the low-speed-performance computation
were modified as follows:

1. A drag coefficient increment of 0.06 was added to the test values
to account for landing gear and airplane protuberances not found on the
model.

2. The pitching moment used-to obtain the trimmed C1, was taken
with the aircraft moment center at 0.33¢ instead of 0.25¢ as the Gata
are presented.

In addition, the term Crp,,, &8 used here is synonymous with the
term "usgble Cf" in the body of the report.

Approach Speed

An evaluation of approach speed for severel present-day Ffighters
was made in reference 9, which indicates that a value of 1.15 Vg is
one criterion for approach speed and is used herein. For flight at a
constant wing loading and rate of sinking speed, the value of Vg is
dependent on C;; availasble end the corresponding value of C
obtained. These variasbles can be obtained fram the test results, the
BIC system charscteristics (as determined in Appendix A), and the engine
characteristics during the landing spproach. The stall speed was then
determined by the following relatlon for dynamic pressure:;

_ W/s
4s Cr, + Cp tan o

where Cp tan o is the ALy, due to the thrust component in the vertical
direction.

Take-0Off Distance

In the calculations the maneuver was considered in two parts: the
ground roll, and the air distance required to clesr a 50-foot obstacle.
Ground distance 1s the distance reguired for the sirplane to accelerate
to a predetermined 1ift-off velocity at o = 0°. The airplane is then
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rotated to a sultable « for the 1lift-off with the landing gear down and
held at this angle of attack until the 50-foot helght has been reached.’ L
The distance required for this climb is the alr distance. A maximum per-
formence take-off dictates that the lift-off should occur at 1.05 Vg
(0.907 Crpuy) and the climb at the angle of attack required for flight
at 1.05 Vg. 8Since this angle 1s high (sbout 20°) with leading-edge BLC,
and ground attitude on an sctual alrcraft may be limited, teke-off dis-
tances with both 1.05 Vg and o = 15° as the criterion are presented.

Data avallable are insufficient to determine the optimum treiling-
edge configuration for take-off; accordingly, the effects of trailing-
edge conflguration on take-off distance will not be considered here.
All calculated take-off distance results are wlth the small-span flap
deflected 60° with BLC. An NACA standard day is assumed.

The ground roll distance was calculated by the following equation
(from ref. 11):

W . Fn
13.l§ 7 -k

Sg B c <D > n Fp ) CLG D
g \T ~ w oM = - )
CLio \L

The air distance was cobtalned by a polnt-by-point solution of the
equations for the farces on the alrplane. These equations are as follows:

au oo Cpas
e g (%F cos o =i sin é)

qsS F
%% 5<CI‘} +-W£sina.-cos 6)

=]

where 7y 1s the flight-path angle in radians. The finite increments
of U and y were calculated at l-second Intervals, and the ground distance
and altltude were then obtained by:

h=s50
St = E: (U+AU)cos ¥
h=0
h =27(U+AU) (for small values of )

R —
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For the higher wing loadings, acceleration became zero prior to 50 feet

and hence the transition reached completion before an azltitude of 50 feet.
In these cases, the distance to climb to 50 feet altitude at the steady
rate of climb was added tc the dlistance requlred to complete the traneition.

For the purpose of the calculation, the following assumptions and
simplifications were made: (1) average thrust was assumed through the
speed range, (2) effects of ground proximity were neglected, and (3)
the ground-resistance coefficient was p = 0.03. The effect of thrust
loss due to bleed air for BLC was evalusted and hence determined the
value of Fp/W. With controlled bleed air, thrust loss due to engine
bleed for leading-edge BLC was zero throughout the ground roll, and the
minimum during transition, so that the gains reallzed from controlled
bleed were a direct result of increased Fp/W.
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TABIE I.- GEOMETRIC DATA
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Wing
Area, sq ft (without chord extemsion) .
Span, £H . . ¢ ¢ . . 0 e 0 0 0 e e e e
Mean serodynamic chord, ft . . . . . .
Root chord, £t . . « « « &« « & « o o &
Aspect ratio . . « ¢ o« o e 4 e e .
Taper ratio . . + « ¢ ¢ ¢ ¢ & ¢« « ¢ o .
Sweep angle, deg
Leading edge . « ¢ « « &« o 2+ o« o o
Quarter-chord line . . .« « « « « + &
Trailing edge . . . . . e 4 e e e .
Smell-span trailing-edge flap
Ares, sq ft . . . . . .
Flep span, percent wing Bemispan (21 to
Chord, percent wing chord . . . . . . .
Sweep angle of hinge line, deg . . . .
Targe-span tralling-edge flap
Ayea, sq £6 . . . . o o .
Flap span, percent wing semispan (21 to
Chord, percent wing chord . . . . . . .
Sweep angle of hinge line, deg . . . .
Fuselage
Length, ft . . « « ¢« & ¢ ¢ ¢ + + o o &
Maximum.w1dth, £f£T.. ... « ..
Fineness ratioc in wing chord plane .
Horizontal tail (drooped 20°)
SE/S & i i i e ee e i e e e e e e e
BE/D o v e e e e e e e e e e e e e
F2 4=
Aspect ratlo . . . + &« o o o . 0 . . .
Taper ratio . . . . « . . . . .
Sweep angle of quarter—chord llne, deg

CH 0

HoO.
=

o
W \NI\IND
HOOMPWN £\
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TABLE IT.- COORDINATES OF BASIC WING

NACA 0005 (Modified) Section Parallel to the Model
Plane of Symmetry

Station, Ordinate, Station, Ordinate,
percent chord | percent chord ||percent chord | percent chord
0 ] 30.00 2.501
1.25 . 789 40.00 2.419
2.50 1.089 50.00 2.206
5.00 1.481 60.00 1.902
7.50 1.750 67.00 1.650
10.00 1.951 70.C0 1.500
15.00 2.228 80.00 1.000
20.00 2.391 90,00 .500

25.00 2.476 100.00 0

Leading-edge radius:

0.275-percent c

Plain Chord Extension Perpen-
dicular to Leading Edge of

Plain Wing
Station, Ordinste,
percent chord | percent chord

-4.83 0
k.75 .23
-4.60 .39
-4 4o .53
-k.20 .6l
-3-90 178
-3.00 1.03
-2.00 1.15
-1.00 1.23
1.00 1.35
3.99 1.50
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TABLE IIT.- COORDINATES OF MODIFIED LEADING-EDGE SECTIONS
PERPENDICULAR TO LEADING EDGE OF PLAIN WING

Modified lLeading Edge on Wing
Stetion, Ordinate, percent chord
percent chord Upper surface | Lower surface
0 -0.60 -0.60
-05 --29 "v89
.10 -.18 -1.01
.25 07 -1.22
.50 .35 -l.h2
.15 .33 -1.54
1.25 .80 -1.65
2.00 1.06 -1.71
2.50 1.21 -1.71
3.00 1.38 -1.70
3.50 1.42 -1.68
4.00 1.49 -1.67
4.50 1.57 -1.66
5.00 1.64 -1.64

Modified Leading Edge on Plain Chord
Extension
Station, Ordinate, percent chord
percent chord | ypper surface | Lower surface
-5.40 -0.60 -0.60 .
-5.30 -.17 -.99
-5.20 -.02 -1.16 -
-5.00 .21 -1.35
-4, 60 R Te -1.55
-L.20 .67 -1.6k
-3.60 -— -1.65
-3.20 97 -1.62
-3.00 l1.02° -1.61
-2.00 1.15 -1.k6
-1.00 l1.23 -—
-.92 -—— -1.24
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TABLE IV.- FUSELAGE COORDINATES

Elliptical cross section
Station, | Diameter, | Horizontal Vertical
£t . ft major axis, | minor axis,
£t £t

0 2.96

2.08 h.o13

k.58 4.82

T7.08 5.28 -

9.58 5.60

11.00 5.75
12.00° 5.83
15.00 6.08

18.00° 6.33

20.50 6.42

23,00 6.50

25.50 6.50

28.00. 6.50

33.25 6.50

35.67 6.33 ' ’

38.42 6.08 5.94
40.50 5.84 5.50
43,00 5.46 L. 7h
45,50 5.02 3.88
48,00 L,50 2.84
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TABLE V.- MODEL CONFIGURATIONS FOR WHICH DATA ARE PRESENTED

Leading-edge flap Extent of Trailing-edge
Fig. Deta wing ;;am_ flap, Bge = 60°
no. | presented Blowing e
Bles A8} tent, n | °%*'° |medificetion | Span | Blowing
Cp, @y Cn | 0,0,0% None None None Small off
variation | 0,0,0 ‘L \(f On
T |with o |o,k0,5 i
30,60,60 | 0.4 - 1.0 B
0,0,0 On
0,40,50
8a. 0,50,60 None Hone
0,60,60
30,60, 60
0,0,0 None None
0,%0,50 |0.k -~ 1.0 A
8b 0,50,50
0,50,60 l
0,60,60 .
0,0,0 Xone - None
0,%0,50 |o.% - 1.0 B
8c 0:50360
0,60,60 J
30,60, 60
30,60,60 [ 0.1 - 1.0
8d 50,60,60 | 0.15 - 1.0 B o.k - 1.0
0.7 -~ 1.0 A None
0.7 - 1.0 B
S 0,50,60 |0} . 1.0 A
0.4 - 1.0 B
(=1} 0,60,60 A&LE
0.k - 1.0
9e 30,60,60 B
10a 0.7 - 1.0
30,60,60 | 0.4 - 1.0 B
10b 0.k - 1.0 v
0,0,0% None ore
0,0,0 Kone None off
1ls 0,0,0 6 On
30,60, ore
30,60, 60 0.k - 1.0 B v On
0,0,0% Large Orf
0,0,0 None None ofr
11v 0,0,0 On
30,60,60 off
v 30,60, 60 0.k -1.0 B 1 on
12e - A&LB Smell On
12b CL varia- B
T3 tion with { 30,60,60 } 0.4 - 1.0 A
1k Gze B
17a ! Cp, varia-[ 0,40,50 None None v
tlon with
17b Cute 30,60,60 | 0.4 - 1.0 B Large
884e = O°

gL
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A-22148
Figure 1.- Photograph of model in the Ames 40- by 80-foot wind tunnel.
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75-percent ¢ line Horizontal-tail
(hinge line for — - > . }<3,18 /_ reference line, ¢/l
T.E. flaps) i

<— 30.59 —

Ll-c 4
breaks at 25-percent ¢
<~—12,20 —Ts '18’ Lo

12-percent c

line (hinge line 10-percent ¢ plain chord
for L.E. flap) extension

A1l dimensions in feet,
unless otherwise noted

c = 70)-1-7
10,30
VT
n/: * . _ 2.73‘
’ Horizontal tail
l<-10.00 drooped 20°
- - 18,00 >

Figure 2.« Dimensional details of the model.
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.010 inch from 1=0.15-~.7
.010 or .050 inch from <0
n=0.7~1.0 35.

LAl Plow

T L L W TR e L L L . . e W

Hinge line

(a) Typical leading-edge-flap cross sectlon.

0.020C inch
22,5936,

]\ Atr flow || [ X

. 7

P T T Ll b

N

Hinge line S \

(b) Typlcal trailing-edge-flap cross section.

Figure 3.~ Blowing nozzle arrangements of three-dimensional model.
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L.E., flap chord
f -plane

Modified L.E.yL.E. radlus .9
Center, L.E. arc
Hings point
of L.E. flap

(2) n = 0.4 to O.7

L.E. flap chord plane

Chord with modified L.E.

L.E. radius .9 . Hinge point
of L.E. flap

4.83 _____J<4ﬁmg L.E. (refj—-t:::::::;7__

Center
of L.E. arc

(b) n = 0.7 to 1.0

Figure L.- Leading-edge modification used in the investigation. All
sectlons perpendicular to the wing leading edge. Dimensions in
percent chorad.
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@

2

Bleed-zir

Section A-A

ontrol valve
(typical)
[

/7
/

15.31

ons in feet

ATl dimensi

o

07RO

- ~ |
o oo 0 ___ T L.
~t. 988 £ 11T
o YRE & m_m AR
3 JERERES O LmE
) m
medet- SN
Mbibd > QL ANl
Lo - .-l LN YW

Thy %p”  Tmmmmm e

pressure,

temperature

Total

Figure 5.- Sketch of bleed-air ducting.



gtation, Drdinata,
coent c¢|percent ¢
0 0 60|
.50 80
.75 .97 /
1.25 1.22 : <
S 2
2 2 DRSS I R
7.50 2,81 (LSS
10.00 3.19 N
15.00 3.81
22.83 j;g
& -L.
20.00 “83 Hinge line (13.55 percent c)
35,00 .26 :
0.00 5,
;-00 hl 9
50,00 ), 69
oo 00 .38
60,00 202
65.00 3,60
70.00 3,13
80.00 2.10
20.00 1,06
,00 02
L.E. radius: 0.69

Figure 6.- Detalls of the two-dimensional blowing model.
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61e,deg  Opgsdeg  CGuze  Ouyg

o 0,0,0 0 0 0

a G, 0, 0 &0 0 0.006
o 0,40,50 60 0 .006
a 30,60,60 60 0.076 .006

(EBE7 SuNERRB-auENEENS".s
1.2 d"’—"ie\
10—+ F o

(i
) eyt 4 7
LU /
[ I
0
0 2 ok .6 e = ¢
Cp 0 8 16 2l 0 -.08 —~.16 -2
a Cn
Figure 7.~ The effect of BLC on the longitudinal characterigtics of the model; small-apan trailing=-
edge flap.
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1.4
Q-2 oy I ?%a >
1.2 AT
3 . =0 =5
1.0 o b .
1R o | b Ff‘
|8 _A
Cr, I//)i
.6 . o} 0’ 0’ 0 ~
A 74 @ 0,40,50
: ): o ®  0,50,60 X
.2 a  0,60,60
A 30,60,60
‘00 1 .2 .3 W .5 © B ¢ A N
Cpy 0 4 8 12 16 20 2 0 ~-.08
a H
m
(8) Cuze = O

Figure 8.~ Longltudinal characteristics for several leading-edge flap configurations with and
without leading-edge BIC; small-span tralling-edge flap, Bg, = » Cupe = 0.006,
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1.8
1.6
1y N S
& ﬁbﬁ % 2o A _
1.2 4 . : : '- :
Pzg‘ e jf /A
1.0 P 4 o~ _ A S A /b
o % . °°o°° Vil - [0 "0 rQ_-G
t n8 =¢°° 5™ P—ac g }/ //{/K
¢ : 570, deg .
) o* o,ho,so 7 /
. a  0k0,50 |/ 1. ’
T i 6 0,50,50 [
0 A 0,50,60
. N 0,60, 60
o *No L.B. BLC |
0 .1 .2 .3 R
[ CD. . oo h 8 12 16 20 2)4 0 "'|08 Cjn "'.16 ".214-

a
(b) Leading-edge BLC with nozzle A; Cyuje = 0.027,

Figure 8.- Continued,

60VEGY WM VOVN

Th




e

ll8
106 -b'h -'_‘ -
Lk 0
1.2
.8 ﬁé
B1qs deg
.6 3 0, 0, O
a8 0540350
e ¢ - 0,50,60
A 0,60,60
.2 b 30,60,60
*No L.E. BIC
0
[O] a [ed a LY
0 -1 |2 -3 lh 0 "‘.08 "'-16
Cp 0 hy 8 12 16 20 2, Gm
a

(c) Leading-edge BLC with nozzle B; Cpje = 0.076.

Figure 8, ~ Continued.
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1.8
1.6
1L

S‘Le: deg Guze L.E. nozgle configuration
o 50,60,60 0.090 B with h = 0,010 at root gection
a  30,60,60 076 B
.E' [F"G .
jﬁ— E/ B/
3 / . o
0 J1 .2 .3 ,,.]. @ 0]
Cp 0 4 8 12 16 20 2, O -.08 . ~16 o -32
i

(&) Effect of root flap deflectlon with the modified leading edge from 7 = 0.k to 1.0.

"Figure 8.~ Concluded.
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CL

cme LE nozzle Extent of ILEh
o blowing, v} fram n = 0.7-1.0
[ - - - -
e 0,011 ~~- «7-1.0 0.010
4 aos'r - - l7"‘1.0 .050
a 027 A J-1.0 .010
& 107‘4. B -h-llo -050
1.6
1.k .
o | A h—n _ & ?
1.2 o s B Sopaats 4 &-@r%ﬁ A
1.0 ' 4 ]
-8 { : . AL
b ; /
A _ o
.2
0 Q a & A b
0 1 .2 .3 .4 5 0 -08 =16 -2
Cp 0 L 8 12 16 20 2} n

a

(a) Effect of blowing on the intermediate flap sectlon; 81e = 0,50, 60.

Figure 9.~ Longitudinel characteristics with different amounts and spanwise extents of blowing
BIC on the leading edge; small-span trailing-edge flap, Bte = 60°, Cute = 0,006,
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1,8
1.6
1.4
1.2

1.0

O,
oL
atoy

o AN

N

& :
mtgu'ﬁe Jy
, . -
—Ly mediste Tip Nozzle
00,014 o.01% A
o o.013 066 B L
h Q o]
-1 -2 13 » 0 —,08 _-16 "'12]-‘- "'l32
Cp 0 L 8 12 16 20 24 Cp

o

(b) Effect of increased blowing from n = 0.7 to 1,0; Bje = 0,60,60.

Flgure 9,« Continued.
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1.8
1.6 S >
o BoN o8P il F——n
1.k O~ TR Lk
[} 0 . _:r' . {
1.2 . : ;fiii;ﬁz//
£
1.0i ,er O/ EI/ Q/ AZ
osf - I GIJ‘IB /fA
Inter- Tip
- mediate
£ i @ 0.004 '0.026 o
B ,007 .036
.2 & .006 043
A 013 .065
Oo A .2 .3 e o ¢ A
Cp o L 8 12 16 20 0 ~.08 -.16 -2l
a C

m

(c) Effect of changing total Cy, nozzle B; 8le = 30,60,60.

Figure G.- Concluded.
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1.8
1.6
L.l
1.2
1.0
GL o]
IB (y
b
L.E,
4 L ‘| Modification e
1=0.7-1.0 1=0.L~1.0
o2 O] Plain 0-076
0 B Modified .073
0 .1 .2 -3 !ll- ’5 ° °
GD 0 h 8 12 16 20 2)4_ V] "".OB "‘-16 "-214
a Gy,

(a) Effect of applying the modified leading edge from 7 = 0,7 to 1,0.

Figure 10.~ Effect of the modified leading edge on longitudinel chsract
leading~edge nowzzle B, smell-span trailing-edge flap, 8te = 60

eristics; 8¢ = 30,60,60,
€, Cute = 0.006,
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1.8

1.6 , % e
" #

1.2 ' ';{ f /f
NEEFEN 7 SN

8]
8 / ‘ Jf/ﬂ'/
: | / IL.E. modification Cp.
6 5 | Yt extent, n le
L U / '0/43 © 0.7 -1.0 0.073
; = g J4-10 - 072

2 ;

\
D |
0 .l 02 03 lh -5 o o

Cp 0O L4 8 12 16 20
a O -uOB '-116 "-2}-!. _-32
Cm

(b) Effect of increasing the spanwlse extent of modified leading edge.

Flgure 10.~ Concluded.
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GI-'-'t:ea

51es928 Cpye
o *0, O, 0 0 0
s 0,0,0 O 0
o 0,0,0 O 0.006
s 30,60,60 0,074 0
»  30,60,60 . 076- 006
* =
1.8 Gte = 0
LU= 4 /éﬁ,
1.2 ﬁf 4 - ?:djffAf
1.0 o 0 o : ' /
C 3t e\ h./-
L 8 j . .
.6 . /Z
-LI- ::/‘ v; A
2 @(j’
Oo 1 .2 .3 L .5 L6 e 8 ¢ ¢
Op o L 8 12 16 24 28 3 ~.08 cm--.:Les
08

(a) Small-span tralling-~edge flap.

Figure 11.~ Effect of tralling-edge flap on the longltudinel characterlstics of the model with and

without leading-edge BIC; nozzle B with leading-edge BLC, &te = 60°.
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1.8
1.6
1.l

1.2

a

(b) Large-span tralling-edge flap.

Figure 11.- Concluded.

A
e IVd ; AV
Al
‘ares
3] 0 -@/—
i o
/ S1esdeg Cuze  Cute
' y © 0,0,0 0 0
T d% @ 0,0,0 0 0
V4 & 0,0,0 0  0.010
> A 30,60,60 0.072 007
o h 30,60,60 .078 O
008 0 -.08 _016 "-2J.l "'032
1% 2l 6 -
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—— —>
1.2
z L.E. Cy
Cr, nozzle (n = O = .7) a, deg
1.0 (0] B 0.013 25.2
.3 A 013 25.2
& B 011 21.1
g A A .012 21.1
0 .02 .03 oL .05 .06 .07 .08
CIJ-'Le (T] = 007 - 1-0)
(a) Effect of nozzle helght.
1.8

U’
_ a, deg ft/sec
© 25.2 112
0| 25.2 159
-8 © 211 112
A 21,1 159
0 .02 .03 ~ .0h .05 .06 .07 .08

(p) Effect of Pree-stresm alr velocity; lesding-edge nozzle B.

Cuze (M = 0.k - 1.0)

Figure 12.- Variation of lift with leading-edge Cy; die = 30,60,60,

small span flap, Ste = 60°

R

» Cpte = 0.006
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1.6
<>
1.4 L/O_—'(f—
oL T 4
1.0 [P0 L o—1Q o1 0
> a,deg
o 19.0

1.0 a 21,1
% S 5202
0 o

o .00, .008 ,012 .016 .020
Cule

(a) 1 = 0.4 to 0.7 (4 = 0.7 to 1.0 Cyye = 0.015)

1.6
Lok =
CrL
1.2 &%
1.0
0
o .004 .008 ,012 .016 020
Cuze
(b) n =0.7 to 1.0 (n = 0.k to 0.7 Cpze = 0.013)
1.6
1.l . p—_
Lo—0
1.2 —o |

0 01 .02 .03 .04 .05
Cuze
(e) n = 0.4 to 1.0
Figure 13.~ Effect of angle of attack on the varistion of 1ift with

Cuzes dle = 30,60,60, leading-edge nozzle A, small-span trailing-
edge flap, dte = 60°, Cuge = 0.006.
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1.6 Em——
1.)_[_ = 0 N LY — 5 2 N
o Bl LT
l.2
a,deg
@ 19.0
1.0 g 21.1
25.2
oL °
0 .00,4 .008 .012 .016 .020
Guze
(&) n = 0.4 %0 0.7 (1 = 0.7 to 1.0 Cp;, = 0.060)
1.6 %5
4
T |3

0 02 04 .06 .08 .10
q-'"&e

(b) n = 0.7 to 1.0 (n = 0.k to 0.7 Cyze = 0.011)

1.6 . —
loh J_ﬂ-————cF'

GL P
1.0

o .02 .04 .06 .08 .10
cl-'-I.e

(e) 1 = 0.4 to 1.0

Figure 1k.- Effect of angle of attack on the variation of 1ift with
Chies Bile = 30,60,60, leading-edge nozzle B, small-span trailing-
edge fla.p, Bte = 600, c“'te = 0-006.
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.0k
Spanwise .extent Constant g, at
for Cus,m other wing section
.03 C.h - .7 0.015
_——— 07 - 100 .013
—_—-—— 4 -1.0 - -
.02
GP_Cze /
A
01 #
. _—¢ /.o//
0 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Cr,
(a) Leasding-edge nozzle A.
.03
Spanwise extent Constant ¢, at
for Cues m other wing section ////
.02 O.h- - .7 000&
—_—— - .Z -1,0 011
- . - 1.0 -
cl-l'cze /
/"
4 - I
oL,
0. . 1.0 1.1 1.2 1.3 1.h 1.5 1.6

Figure 15.- Varlation of Cuc;e Wwith Cr, 87e = 30
tralling-edge flap, Bte = 60°, Cpte =

N |

(b) Leading-edge nozzle B.

,60,60; small-span
0.00
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<1k

o

.10 \

.08
\

Gre

.06 \

\\
.Ob
.02
0
0 10 20 30 Lo 50 60 70
6, deg

Figure 16.- Effect of leading-edge nozzle loecstion on Chcies twWo-
dimensional data, R = 1.65x10%, 81 = 60°, o = 36°, h/e = 0.00033.
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1‘0 J
S O o) - -3
.80
N
CL a, deg
o 0.3
B 10.7
(a) Small-span flap, die = 0,40,50, without leading-edge BIC.
2.0
1.8 oo m
1.6'“/8/
8
o -0
Cr,
.6 —
/ Extent of
L.E. L.E. modification
///}3/ a, deg nozzle G e Bie, deg | ’
-h @
( o B 0.019 30, 60, 60 0.7 - 1.0
-2 B 245 B4h =0.010 .09 Lo, 60, 60 A= 1.0
at root
section
o} .002 .00k ,006 .008 .010 012 L0014 .016
cl“"'be

(b) Largesspan flap.

Figure 17.- Variation of 1lift coefficient with Cpuges Bge = 60°.
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2,0
1.8
1.6 /,- ~ = 7\.
-~ "~
L 7" \\ ‘}\\/
1.2 AT 77T
Wl N7
4 y
1.0 i
L ] . /7| Gresteg  Model
' / 4 0,40,40  Mid wing
NI v No suction(ref 5)
———=— 0,50,60 Low wing
No blowing
A — - — 30,60,60 Tow wing
/ Blowing
.2 — -~ — 30,50,60 Mid wi
/ P27 guction (ref 6)
° 8 12 16 20 24
8 -4 0 2
B ) a Oy 0 -0 -.08~12 ~,16 -.20~,2}~,28 ~.32 -,36

Uy

Flgure 18.~ Comparison of the longitudinal characteristics of the aresn suction model and the blow-
ing model; leading edge BIC applied from 7 = 0.4 to 1.0; small-span trailing-edge flap, Bye = 60°,

60VESY W VOVN

15



3

ACLS

3
o2

el

74

/
/
/
/’ké:i:;fl———léh——-x
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'Lv

10 20 30 LW 50
81e deg (n = 0.7 - 1.0)

60

70

61, deg

Imter-

Root medigte
& 30 30
& Lo Lo
¢ 50 50
A 30 50

b O Lo
R 30 6

BLC

None
None

Area guction

Area suction
Blowing

Blowing

Flagged gymbols denohe no BLC

Figure 19.- The effect of outboard leading~edge flap deflection with and

without blowlng or area suction on delayling tip stall.
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70
| !
66 7
/ j
!
/
62 ]
W/S !
{
8 {
!
!
!
5h f
/ i L.E.BIC O1e,deg
e on  30,60,60
- ———= 0ff 0,40,50

(a) Effect of leading-edge blowing BILC with small-~span trailing-edge flsap;
ate = 60 2 cu-be = 0-006-

TO0
!
& L
[\
! /l
e [
W/s II !
/ /
58
[ [
t [ T.E, Flap T.E. BLC
o / ! — Small span. On
’ — ———Small span Off
/ /,’ == - — Large span On
5
80 100 120 140 160 180 200

Approach speed, 1.15 Vg, knots

(b) Effect of trailing-edge £lap span; BSte = 60° with leading-edge
blowing BILC, 81e = 30,60,60.

Figure 20.- Effect of leading-edge and tralling-edge flap veriables on
approach speed wlth zero sinking speed.
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8y esdeg L.E. BIC
0,40,50 Off
_____ 30, 60,60 On
— — —— 30,60,60 Bleed—air
conbtrol
P
s
Vg
/ /4/
/] /// g
//5
P _,4;9”/
. ==
=1

(a) Basged on 1.05 Vg.

W/S, 1b/sq ft

(b) Based on o limitation.

1.05 Vg
\(a=1o.5°) /
A
N
/
v/
/ prd
Va4
L’
A
//' 2
L=
a=150 T
o
0 50 60 70 80 90 100 110

Figure 21, Variation of take-off ground roll with wing loading; small-~
span trailingeedge flap with blowing BLC, 8¢ = 60°.
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20
/
/
16 / Vi
/ / /
/
/S
12 B .
1-86 't ////'/
_
] - ’1/’
aze;deg L‘E. BIJG
L ———0,40,50  o0ff
—— ——30,60,60 On

— — —30,60,60 Bleed-air

0 A control

(a) Based on 1.05 Vs.

20 7
1.05 Vg /
(¢ = 10.59 / /
16 A
V / v
//
y
12 / // -
33.-86 £t ¢= 150 - /:/
g -
e
8 N
I
o
0 50 60 70 " 80 90 100 10

W/S, 1b/sq £%
(b) Based on o limitstion.

Figure 22.- Effect of leading-edge BLC on take-off ailr distence over a
50-foot obstacle; small-span trailing-edge flap with blowing BIC,

Sge = 60°. . .
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20
Gze,deg I..E. BLC
— 0,40,50 off
W T 30,60,60  On
—_——— . 30,60,60 Bleed—air
conttrol [
5 e 4
1000 £t // //
/ 4
8 £
/ / /
/7
/ /:'/
h - -t /’/
/‘y-‘
o) ‘A

201

16

12
S, o // ’
1000 £t A
8 /I j\
//'f//
=] a=15°

O
oﬂﬁso 60 .. 70 . 80 90. 100 . 110
W/S, 1b/sq £t

(b) Based on o Ilimitation.

Figure 23.~ Effect of leading-eﬁge BLC on total take-off air distance
over & 50-foot obstacle; small-span trailing-edge flap with blcwing

BLC ste = 600-
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Figure 2i.- Leading-edge nozzle height selection chart; 8; = 30,60,60,
Cuze = 0.032, trimmed Cf, = 1.47, smallespan trailing-edge flap
aefTected 600. '
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!

cucle !
/
.02 / /
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e

(a) Variation of Cy,, required with «; leading-edge nozzle B.

20

‘L— Unrestricted ducting

\ﬁ-

Wprc required

o

(b) Leading-edge air bleed flow required at 140 knots; h = 0.015,

12
¥
\_ I
Unrestricted ducting /
. /
Thrust 4
loss,
percent
L
P With bleed air~
‘,4’ flow comtrol
-
0 Jl,
0 8 12 16 20 2l 28
a, deg

(c¢) Thrust loss caused by bleed air.

Flgure 25.- Engine bleed requirements and thrust loss due to unrestricted

bleed at teke-off.
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Flgure 26, - Effect on Cje avallable with the bleed alr-flow control in the leading-edge duct-

ing; 10 ft/sec sinking speed, h = 0,015, W/3 = 55 psf.
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